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(57) ABSTRACT

A method for producing integral capacitance components for
inclusion within printed circuit boards. Hydrothermally pre-
pared nanopowders permit the fabrication of a very thin
dielectric layers that offer increased dielectric constants and
are readily penetrated by microvias. Disclosed 1s a method
of preparing a slurry or suspension of a hydrothermally
prepared nanopowder and solvent. A suitable bonding
material, such as a polymer 1s mixed with the nanopowder
slurry, to generate a composite mixture which 1s formed 1nto
a dielectric layer. The dielectric layer may be placed upon a
conductive layer prior to curing, or conductive layers may be
applied upon a cured dielectric layer, either by lamination or
by metallization processes, such as vapor deposition or
sputtering.

28 Claims, 4 Drawing Sheets
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INTEGRAL CAPACITANCE FOR PRINTED
CIRCUIT BOARD USING DIELECTRIC
NANOPOWDERS

CROSS-REFERENCE TO RELATED
APPLICATTONS

This application claims the benefit of the filing of U.S.
Provisional Patent Application Ser. No. 60/084,104, entitled
“Integral Capacitance for Printed Circuit Boards Using
Hydrothermal Dielectric Nanopowders,” filed on May 4,
1998, and the specification thereof 1s incorporated herein by
reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention (Technical Field)

The present mvention relates to providing capacitance in
printed circuit boards, more specifically to a method and
apparatus for providing a layer or layers of integral capaci-
tance 1n printed circuit boards using dielectric nanopowders.

2. Background Art

Printed circuit boards (PCBs) typically are constructed in
a laminated form. Several layers of laminate are used 1n a
board for providing electrical connections to and among,
various devices located on the surface of the board. These
surface devices consist of integrated circuits and discrete
passive devices, such as capacitors, resistors and inductors,
and the like. The discrete passive devices occupy a high
percentage of the surface arca of the complete PCB.
Therefore, 1n order to increase the available surface of the
PCBs, there have been a variety of past efforts to locate
passive devices, including capacitors, 1n a embedded, or
subsurface, configuration within the board. When passive
devices are 1 such a configuration, they are known collec-
fively and individually in the art as “integral passives.” A
capacitor designed for disposition within (between the
lamina) of a PCB is called an “integral capacitor” and
provides “integral capacitance.” If integral capacitive
devices are to result in significant contributions to the
overall power operations 1n 1ntegrated circuits, advances 1n
the energy storage capabilities of these devices must be
made.

There have been past attempts to provide mtegral capaci-
tance. One example of an i1nvention providing for integral
capacitance 1s 1n U.S. Pat. No. 5,079,069 to Howard, et al.,
where a dielectric sheet 1s sandwiched between conducting,
sheets to provide a layer of integral capacitance. Currently
in such configurations the materials consist of conventional
PCB laminate resins such as epoxy, and provide a dielectric
sheet with a dielectric constant of approximately 4.5. With
thicknesses of approximately 2 mils, such material can
provide planar capacitance values of approximately 500
picofarads per square inch. However, many applications
require capacitance values much greater than 500 picofarads
per square 1nch and therefore other approaches must provide
capacitance layers having higher planar capacitance values.

For a fixed capacitor area, only two approaches are
available for increasing the planar capacitance (capacitance/
area) of an integral capacitor. First, higher dielectric constant
materials can be used. Second, the thickness of the dielectric
can be reduced. These constraints are reflected in the fol-
lowing formula, known to the art, for capacitance per area:

C JA=(EE/t

where: C,=capacitance, A=area of capacitor, ©=dielectric
constant of laminate, &, = dielectric constant of vacuum,
and t=thickness of the dielectric.
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Prior efforts 1n this regard have sought to provide a high
capacitance core using laminate a {filler having a high

dielectric constant. An example, U.S. Pat. No. 5,162,977
suggests how to enhance the capacitance of a dielectric layer
using pre-fired and ground ceramic nanopowder, and pur-
ports to teach how to produce capacitance values that are
four orders of magnitude greater than those achieved simply
using epoxy dielectrics. However, using pre-fired and
oround ceramic nanopowders 1n the dielectric layer poses
obstacles for the formation of vias (holes permitting elec-
tronic communication between layers of a laminated PCB).
Pre-fired and ground ceramic nanopowder particles have a
typical dimension 1n the range of 500-20,000 nanometers
(nm). Furthermore, the particle distribution in this range is
ogenerally rather broad, meaning that there could be a 10,000
nm particle alongside a 500 nm particle. The distribution
within the dielectric layer of particles of different size often
presents major obstacles to microvia formation, due to the
presence of the larger particles. Another problem associated
with pre-fired ceramic nanopowders 1s the ability for the
dielectric layer to withstand substantial voltage without
breakdown occurring across the layer. Typically, capacitance
layers within a PCB are expected to hold off at least 300 V
in order to qualify as a reliable component for PCB con-
struction. The presence of the comparatively larger ceramic
particles in pre-fired ceramic nanopowders within a capaci-
tance layer prevents ultrathin layers from being used
because the boundaries of contiguous large particles provide
a path for voltage breakdown. This 1s doubly unfortunate
because, as 1ndicated by the equation above, greater planar
capacitance may also be achieved by reducing the thickness
of the dielectric layer—with the thinness limited by the size
of the particles therein. Accordingly, any process which
uniformly disperses very fine uniform dielectric nanopow-
ders within a binder, such as epoxy, leads to capacitance
layers which are more compatible with desired microvia
formations and can withstand high voltages for thinner
layers.

Most commercially available dielectric powders, such as
metal titanate-based powders, are produced by a high-
temperature, solid-state reaction of a mixture of the appro-
priate stoichiometric amounts of the oxides or oxide pre-
cursors (e.g., carbonates, hydroxides or nitrates) of barium,
calcium, titanium, and the like. In such calcination
processes, the reactants are wet milled to accomplish an
intimate mixture. The resulting slurry 1s dried and fired at
clevated temperatures, as high as 1300° C., to attain the
desired solid state reactions. Thereafter, the fired product is
milled to produce a powder.

Although the pre-fired and ground dielectric formulations
produced by solid phase reactions are acceptable for many
clectrical applications, they suffer from several disadvan-
tages. First, the milling step serves as a source of
contaminants, which can adversely affect electrical proper-
ties. Second, the milled product consists of 1rregularly
shaped fractured aggregates which are large i1n size and
possess a wide particle size distribution, 500-20,000 nm.
Consequently, films produced using these powders are lim-
ited to thicknesses greater than the size of the largest
particle. Thirdly, powder suspensions or composites pro-
duced using pre-fired ground ceramic powders must be used
immediately after dispersion, due to the high sedimentation
rates associated with large particles. The stable crystalline
phase of barium titanate for particles greater than 200 nm 1s
tetragonal and, at elevated temperatures, a large increase in
dielectric constant occurs due to a phase transition.

A need remains for a method and apparatus for providing
integral capacitors which employ improved materials to
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allow for thinner, purer, dielectric layers to boost capaci-
tance and permit reliable creation of microvias.

SUMMARY OF THE INVENTION
(DISCLOSURE OF THE INVENTION)

The 1nvention relates to methods and apparatuses for
providing 1ntegral capacitance within printed circuit boards.
According to the mvention, there 1s a method for producing,
a high capacitance core element for integral inclusion in a
printed circuit board comprising the steps of preparing a
composite mixture by mixing a bonding matrix material
with a slurry comprising a suspension of hydrothermally
prepared nanopowder; forming the composite mixture into a
dielectric layer; and disposing the dielectric layer between
two conductive layers. The method optionally further com-
prises step of dispersing the hydrothermally prepared nan-
opowder 1n an organic solvent. The step of dispersing the
hydrothermally prepared nanopowder may comprise dis-
persing the powder 1n an mitial volumetric ratio of between
about 20 percent and about 40 percent powder by volume.
The method may also further comprise the step of subjecting
the nanopowder and the solvent to ultrasonic energy, or the
step of milling the nanopowder and the solvent. Further, a
surfactant may be mixed with the nanopowder and solvent.

The step of mixing a bonding matrix material preferably
comprises mixing a polymer to form a homogenous
nanopowder-polymer-solvent suspension. Also, the 1nven-
fion may further comprise the step of curing the composite
mixture to produce a dielectric layer having between about
40 percent and about 55 percent nanopowder by volume.

The step of forming the composite mixture into a dielec-
tric layer preferably comprises impregnating a fiberglass
sheet with the composite mixture, and the step of forming
the composite mixture into a dielectric layer may comprise
selecting a member from the group consisting of extruding,
spraying, rolling, dipping, and casting the composite mix-
ture.

The step of disposing a conductive layer preferably com-
prises laminating a conductive foil onto the cured dielectric
layer. Alternatively, the step of disposing a conductive layer
comprises the steps of: placing the composite mixture upon
a conductive foil, and then curing the dielectric layer. Or, the
step of disposing a conductive layer may comprise metal-
lizing the side of the dielectric layer, such as by evaporating,
sputtering, or chemical vapor depositing a conductive mate-
rial upon the dielectric layer.

The objects, advantages and novel features, and further
scope of applicability of the present invention will be set
forth 1n part in the detailed description to follow, taken in
conjunction with the accompanying drawings, and 1n part
will become apparent to those skilled in the art upon
examination of the following, or may be learned by practice
of the invention. The objects and advantages of the invention
may be realized and attained by means of the instrumen-
talities and combinations particularly pointed out in the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated mto
and form a part of the specification, illustrate several
embodiments of the present invention and, together with the
description, serve to explain the principles of the invention.
The drawings are only for the purpose of 1illustrating a
preferred embodiment of the mvention and are not to be
construed as limiting the mvention. In the drawings:

FIG. 1 1s a cross sectional view of a integral capacitor
apparatus prepared according to the mvention;
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FIG. 2 1s an enlarged cross section of the dielectric layer
portion of the apparatus shown 1n FIG. 1, illustrating the
dispersal of the nanopowder in the bonding material matrix;

FIG. 3 1s a further enlarged view of the components
shown 1n FIG. 2;

FIG. 4 1s a schematic flowchart illustrating some principal
steps of one embodiment of the method of the invention;

FIG. 5 1s a schematic flowchart illustrating some principal
steps of another embodiment of the method of the invention;
and

FIG. 6 1s a schematic flowchart 1llustrating some principal
steps of yet another embodiment of the method of the
invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS (BEST MODES FOR
CARRYING OUT THE INVENTION)

The present mnvention relates to a method and apparatus
for providing integral capacitance within a printed circuit
board (PCB). Highly efficient capacitance can be provided
integrally within the PCB through the utility of the invention
by permitting the incorporation of one or more ultrathin
dielectric layers which resist the undesirable voltage break-
down which besets known integral capacitance devices.
Thus, 1n the present mvention, a method 1s provided for
supplying integral capacitance using very fine, uniform
dielectric nanopowders within a binder, such that thinner,
higher capacitance, layers are obtained. These layers hold oft
required test voltages, and yet may be successfully pen-
etrated with microvias.

In the present invention, a finer dielectric powder 1s used,
a powder having an unconventionally narrow particle size
distribution. The finer powder preferably 1s produced using
a low-temperature chemical precipitation method. The
method, known 1n the art as “a hydrothermal process™, has
been utilized in manufacturing contexts besides the produc-
tion of dielectric materials for use 1n 1ntegral capacitors, for
example 1n the production of certain industrial cements.
Thus the general hydrothermal process for creating powders
1s available to one skilled i the art, for example the
teachings of U.S. Pat. No. 4,764,493 to Lilley, et al., which
are 1ncorporated herein by reference. However, hydrother-
mally prepared nanopowders have not previously been used
to produce composite dielectric layers 1n the manner dis-
closed herein, and their use in the invention avoids many of
the disadvantages associated with the pre-fired and ground
nanopowders commonly employed 1n the art of capacitor
construction.

In the case of barium ftitanate, for example, titania or a
fitanium alkoxide 1s reacted with barium hydroxide solvent
to produce a product which possesses high density, high
purity, controlled stoichiometry, small particle size and
narrow particle size distribution. Reactions are typically
performed at temperatures less than 100° C. to produce
barrum titanate with cubic crystallinity. Reaction conditions
can be tailored to produced powders of appropriate
compositions, depending on the dielectric application, with
a mean primary particle size ranging from 10-200 nm with
size deviations less than 20%. Preferably, such hydrothermal
process prepared barium titanate powders are employed in
the present mvention.

Hydrothermally prepared powders offer several
advantages, germane to the production of integral
capacitors, over conventionally produced powders. First,
because composite film thickness is proportional to powder
particle size, and the specific capacitance 1s iversely pro-
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portional to film thickness, powder with smaller particle size
allows for films to be produced with higher specific capaci-
tance. Second, with the diameter of vias approaching 20,000
nm, producing such vias in composite films mcorporating
hydrothermally prepared dielectric powders 1s possible.
Third, hydrothermal nanopowders, such as barium titanate
powders, possess a cubic structure and thus do not undergo
phase transition at the temperatures which produce large
increases 1n dielectric constant for conventionally prepared,
pre-fired powders. Lastly, hydrothermal nanopowders are
sufficiently small to remain 1 uniform suspensions or com-
posite slurries without sedimentation, allowing material
preparation to occur independently of producing a dielectric

layer.

The 1nvention includes alternative processes for produc-
ing a high capacitance core element for integral inclusion in
a PCB device. A hydrothermally prepared powder, prefer-
ably barium titanate powder, with particle size between
10-200 nm preferably 1s used 1n all embodiments. In one
embodiment, the process of the invention includes forming
a dielectric layer consisting of a fiberglass sheet impregnated
with a nanopowder-loaded bonding composite, and then
sandwiching the dielectric layer between two conductive
layers. Alternatively, the nanopowder-loaded composite
may be placed onto a conductive substrate, and a top
conductive layer formed by coating a conductor, such as by
metallization (e.g., through metal evaporation), upon the
composite dielectric layer. Or, a dielectric layer comprised
of the nanopowder-loaded composite may be formed and
then two conductive layers deposited on both sides thereot
by metallization, such as through evaporation.

In all embodiments, a slurry 1s prepared by dispersing the
nanopowder, preferably a hydrothermally prepared powder,
most preferably a barium titanate nanopowder, 1n an organic
based or aqueous solvent compatible with the bonding
material. Suitable solvents for the practice of the mvention
include methyl ethyl ketone or dimethyl formamide, or a
combination of these two. Preferably the slurry 1s a colloidal
suspension, where the powders are prepared to maintain
particles apart from each other and to 1nhibit particle/particle
interactions. Powders are mixed into the solvent using
sonication, or milling, and coated with surface active mol-
ecules (surfactant) in order to minimize powder particle
agglomeration. The surfactant preferably but not necessarily
1s a non-1onic phosphate ester. The polymer matrix material
1s then added to the colloidal suspension slurry to form a
powder-polymer-solvent composite suspension. A polymer
epoxy well suited for use as the bonding material in the
invention 1s the 406 Epoxy Resin available from Allied
Signal Corporation, although other resins can suffice.

The composite mixtures are then used to create high
dielectric constant layers for use as capacitors. In the pre-
ferred embodiment of the invention, the solvent/powder
slurries have an 1nitial volumetric ratio of between about 20
percent and about 40 percent powder by volume, with higher
powder volumes resulting in increased viscosity. Viscosity
thus can be controlled to suit the solvent/powder composi-
tion for different possible application methods, €.g. casting
versus extrusion. The solvent/powder slurry 1s mixed with
the bonding material, and the resulting mixture 1s cured to
drive off solvent and set the matrix. The resulting finished
(cured) dielectric layer according to the invention preferably
has a volumetric powder/matrix ratio of between about 40
percent and about 55 percent powder by volume. The
dielectric constant of a film may be controlled though
varying volume fractions of the powder and the bonding
material, with higher percent volumes of powder yielding
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increased dielectric constants at the expense of decreasing
mechanical strength. Percent volumes of nanopowders in
excess of about 55 percent exhibit undesirable brittleness.

In one embodiment of the invention, a capacitor for
integration mto a PCB 1s created by impregnating fiberglass
sheets with the composite material and then laminating the
impregnated sheet between two conductive layers, such as
copper fo1l. The impregnated fiberglass sheet typically has a
thickness ranging between 2.0 mil and 6.0 mil. Preferably,

the fiberglass sheet 1s submerged in and passed through a
bath of the composite mixture, and the nanopowder particles
are permitted to penetrate 1nto the interstitial spaces of the
fiberglass sheet to impregnate 1t with the composite mixture.
An advantage of the invention is that the nano-powders are
sufficiently small to freely enter between the glass fibers,
thoroughly saturating the fiberglass sheet. This results 1n a
dielectric layer of desirable strength and resiliency which
also features suitable dielectric qualities.

The bonding material used 1n the composite mixture
preferably 1s an epoxy resin, while the ceramic used 1s a high
dielectric constant bartum titanate powder produced using a
hydrothermal process. Reference 1s made to FIG. 1, 1llus-
trating an 1ntegral capacitance apparatus 15 according to the
invention. Conductive layers 10 and 12, such as copper foils,
have the dielectric layer 11, such as a composite-
impregnated fiberglass sheet, disposed there between. FIG.
2 1s an enlarged cross sectional view of the composite
dielectric layer 11 showing that individual hydrothermally
prepared barium titanate nanopowders 13, 13' are uniformly
dispersed throughout the bonding matrix 14, which has
impregnated the fiberglass sheet 22. FIG. 3 shows an
enlarged view of a portion of the dielectric 11, without the
fiberglass sheet, where individual hydrothermally prepared
nanopowders 13, 13' are disposed within the epoxy matrix
14 at an average distance of separation which permits ready
provision ol microvias.

In this first embodiment of the invention, the composite-
impregnated fiberglass sheet comprises the dielectric layer
11. Subsequent to the production of the dielectric layer 11 as
described above, the conductive layers 10 and 12 are dis-
posed upon one, or usually two sides, of the dielectric layer.
This may be done i1n a lamination press, wherein the
conductive layers 10, 12 (e.g. thin copper sheets, each about
1 or 2 mils thick) are pressed against the dielectric layer 11,
and the entire sandwiched assembly heated to cause the
polymer matrix 1n the dialectic layer 11 to bond to the
conductive sheets. Accordingly, 1n many applications of the
invention, i1t 1S desirable to employ a polymer with a
relatively low glass transition temperature so that conven-
fional lamination presses can induce the bonding between
layer 11 and the conduction sheets 10, 12. Besides the
foregoing lamination manner of disposing the conductive
layers upon the dielectric layer, alternative modes such as
attachment of the conductive layers to the dielectric layer
using other adhesive materials are within the scope of the
invention.

The method for making the apparatus of this first embodi-
ment 1s further explained with reference to FIG. 4. Again, 1n
one step, a slurry 1s prepared by dispersing a hydrothermally
prepared nanopowder 1 a solvent. The dispersal may be
accomplished with sonication, or by any other suitable
means. Preferably, a surfactant 1s supplied to the suspension
to create a colloidal suspension of the nanopowder in the
solvent. Preferably, the bonding material, preferably an
epoxy, 1s mixed with the slurry to prepare a composite
mixture of the solvent and nanopowder with the bonding
material. The resulting composite mix then 1s impregnated
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into a porous supporting laminate, preferably a fiberglass
sheet, so that the composite mix and the fiberglass sheet
clfectively form a dielectric layer. Once the composite has
hardened, as by curing, a conductive layer 1s disposed upon
one or prelerably both sides of the dielectric layer.
Preferably, in this embodiment of the method, the disposi-
tion of the conductive layer or layers 1s accomplished by
lamination, 1n which the three layers are pressed together
under conditions of elevated temperature and pressure.

An advantage of the ivention is that the use of nano-
powders allows microvias to be drilled through the dielectric
layer 11 with the use of micro lasers. A typical micro laser
beam, encountering a nano-powder particle, 1s able to
destroy or displace the small particle and thereby maintain
the straightness and quality of the microvia. In known
dielectric layers including conventional powders, the size of
the ceramic particles can interfere with microvia drilling
with micro lasers. Laser beams are scattered by the larger
diameter particles, drilling 1s impeded, and the quality of the
microvia impaired.

In a second embodiment of the invention, an integral
capacitor 1s created by coating a conductive foil or sheet 12
with a composite mixture which includes a bonding matrix
material, solvent, and hydrothermally prepared nanopow-
ders. The preparation of the composite mixture 1s generally
the same as previously described, that 1s, a nanopowder 1s
suspended 1n a solvent to create a suspension slurry, and the
bonding material, usually a polymer, 1s mixed with the
slurry. Coating of a conductive foil substrate 12 such as
copper 1s performed by physical placement of the composite
mixture on the foil and subsequent removal of the solvent.
For example, the uncured composite mixture may be
extruded onto a conductive layer 12, and then the composite
and conductive layer placed mnto a curing oven for about 10
minutes at about 180° F. In this embodiment, no fiberglass
sheet 1s included 1n the dielectric layer, rather the composite
mixture 1s by 1itself cured to form the dielectric layer 11. The
dielectric layer 11 thus 1s not as mechanically strong, but,
when using powders which have mean diameters of less than
50 nm, diclectric layers as thin as one micron may be
obtained. By this embodiment, therefore, integral capacitors
yielding extremely high planar capacitance, for example at
least 120,000 picofarads per square inch, may be con-
structed. Application of the uncured composite mixture
preferably 1s accomplished by extruding, or alternatively
through spraying, rolling, dipping, or casting the composite
mixture onto the conductive substrate 12.

FIG. 1 may also be referred to as 1llustrative of this second
embodiment of the apparatus. The composite dielectric layer
11 forming the dielectric film 1s placed or coated onto a
self-supporting conductive layer 12, such as a copper foil.
Subsequently, a second conductive layer 10 1s applied to the
other side of the dielectric layer 11, such as by press
laminating a second foil, or by metal evaporation, to com-
plete the integral capacitor construction. Again, FIG. 2
shows a cross-section of the dielectric composite layer 11,
with mdividual hydrothermally prepared nanopowders 13,
13" uniformly dispersed throughout the binding matrix 14.
FIG. 3 shows an enlarged view of the dielectric layer 11
where mdividual hydrothermally prepared nanopowders 13,
13" are dispersed within the binding matrix 14.

Reference to FIG. § provides additional information
regarding the second embodiment of the method of the
invention. As mentioned, this embodiment includes the steps
of preparing a slurry of a nanopowder dispersed 1n a solvent,
preferably also with a surfactant. The method includes
mixing the bonding material, again preferably an epoxy,
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with the nanopowder-solvent suspension. After the prepa-
ration of the composite mixture by mixing the bonding
matrix material with the slurry, the forming of the dielectric
layer 1s accomplished by extruding, spraying rolling, dip-
ping or casting the uncured composite mixture, while a
conductive layer 1s disposed thereon by placing the uncured
composite mixture upon a self-supporting conductive layer
such as a copper foil or the like. The method then involves
curing the composite mixture to eliminate most of the
solvent, so that the dielectric layer becomes substantially
solid. Thereafter, as indicated 1in FIG. 5, the basic method 1s
completed with the disposing of a second conductive layer,
such as a copper foil, on the other side of the dielectric layer,
that 1s, the side of the layer that was not initially placed upon
the first conductive layer. This embodiment 1s characterized,
therefore, by the of extruding, spraying, rolling, dipping or
casting of the composite mixture directly upon at least one
self-supporting conductive layer such as a metal foil. This
method permits the forming of extremely thin dielectric
layers.

In another embodiment of the mvention, a capacitor for
integration 1s created by metallizing a self-supported com-
posite dielectric layer 11 which mcludes a bonding matrix
material and the hydrothermally prepared nanopowders. The
composite dielectric layer 11, preferably having a thickness
of at least 2.0 micron, 1s formed by extrusion or casting. The
general process of this embodiment of 1nvention 1s similar to
the process of the second embodiment described, except that
instead of incorporating at least one self-supporting conduc-
tive foil, at least one of the conductive layers 10 and 12 is
disposed upon the dielectric layer 11 using a metal deposi-
tion process such as evaporation, sputtering or chemical
vapor deposition. Thus, the third embodiment includes at
least one, “metallized” conductive layer 12, and optionally
both layers 10, 12 are metallized layers. An advantage of
metallized conductive layers 10 or 12 1s that the conductive
layers may be deposited with comparatively thin
thicknesses, €.g. one micron or less. These thinner conduc-
five layers 10, 12 deposited on the dielectric film 11 using
metallization, such as vapor deposition, reduce the amount
of etching required for patterning electrodes for speciiic
integral capacitors. Referring again to FIG. 1, the conductive
layers 10 and 12 are created by evaporation or sputtering.
FIG. 2 shows the cross-section of the dielectric film 11
where individual hydrothermally prepared nanopowders 13,
13' are uniformly dispersed throughout the binding matrix

14.

Reference 1s now made to FIG. 6, which generally depicts
the fundamental steps of this third embodiment of the
method. Again, the first two basic steps are common to the
other embodiments, with the slurry very preferably mvolv-
ing the suspension of a hydrothermally prepared barium
fitanate nanopowder. The slurry 1s mixed with the bonding
material, and the resulting composite mixture 1s allowed to
cure to form a dielectric layer. In this embodiment, unlike
the second embodiment of the method, no self-supporting
conductive layers need be disposed against the dielectric
layer. Rather, at least one side of the dielectric layer, and
optionally both sides of the dielectric layer, are metallized,
preferably by metal vapor deposition. This permits the
incorporation of extremely thin conductive layers. Finally,
as shown by FIG. 6, a second conductive layer 1s disposed
upon the other side of the dielectric layer. This second
conductive layer may be a self-supporting metal foil, or, as
mention, may be a second metallized surface.

It 1s secen, therefore, that a single capacitor apparatus
according to the imvention typically has a composite dielec-
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tric layer 11 from about 2 mil to about 6 mil in thickness it
the fiberglass sheet 1s used theremn, and with conductive
layers 10, 12 each of about 1 to 2 mils thickness, for an
overall apparatus thickness of between about 4 mil to about
10 mil. In alternative embodiments constructed without the
inclusion of the reinforcing fiberglass sheet, the composite
dielectric layer 11 can be much thinner, approaching one mil
thickness, while metallized conductive layers 10, 12 pro-
duced by vapor deposition or the like can also be much
thinner, with corresponding resulting dramatic decreases in
the total thickness (e.g. down to about six microns) of the
integral capacitor, due particularly to the uniformly small
diameters of the nanopowders included in the dielectric
layer of the capacitor.

Also, 1n may applications, it may be desirable to “stack™
a number of capacitors, for example from five to ten,
produced according to any of the embodiments of the
invention, to create a multi-capacitor component. For
example, five capacitors (e.g., five dielectric layers alter-
nately stacked between six conductive layers) may be lami-
nated together for inclusion 1nto a PCB.

Although the mvention has been described in detail with
particular reference to these preferred embodiments, other
embodiments can achieve the same results. Variations and
modifications of the present invention will be obvious to
those skilled in the art and 1t 1s intended to cover in the
appended claims all such modifications and equivalents. The
entire disclosure of the corresponding provisional applica-
fion 1s hereby incorporated by reference.

We claim:

1. A dielectric material for itegral inclusion in a circuit
board comprising nanopowders having a cubic crystalline
structure prepared using a chemical precipitation process,
said nanopowders having a particle size substantially in the
range of between 10 and 200 nanometers, and wherein said
nanopowders avoid a phase transformation during a tem-
perature change.

2. The dielectric material of claim 1 further comprising a
bonding agent wherein a nanopowder/bonding agent ratio 1s
between approximately 30 and 60 percent nanopowder by
volume.

3. The dielectric material of claim 1 wherein said nan-
opowder 1s bartum titanate.

4. The dielectric material of claim 3 wherein said dielec-
tric material has a planar capacitance of at least 100,000
picofarads per square inch.

5. The dielectric material of claim 1 further comprising a
polymer resin bonding agent.

6. The diclectric material of claim § wherein said polymer
resin comprises a polymer epoxy.

7. The dielectric material of claim 1 further comprising a
surfactant.

8. The dielectric material of claim 7 wherein said surfac-
tant comprises a non-ionic phosphate ester.

9. The diclectric material of claim 1 wheremn said nan-
opowders are prepared using a low temperature chemical
precipitation process.

10. The dielectric material of claim 1 disposed between
two conductive layers thereby forming integral embedded
capacitance.

11. A method for producing a dielectric film for integral
inclusion 1n a circuit board comprising the steps of:

a) suspending a nanopowder having a particle size sub-
stantially 1n the range of between approximately 10
nanometers and 200 nanometers 1n a solvent to form a
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suspension, the nanopowder comprising a cubic crys-
talline structure prepared using a chemical precipitation
Process 1n an organic solvent;

b) preparing a composite mixture by adding a bonding
agent to the suspension;

c) forming the composite mixture into a layer;

d) curing the composite mixture layer to form a dielectric
f1lm.

12. The method of claim 11 wherein the step of suspend-
ing comprises suspending the nanopowder in a member
selected from the group consisting of methyl ethyl ketone,
dimethyl formamide, and a mixture of methyl ethyl ketone
and dimethyl formamide.

13. The method of claim 11 wherein the step of suspend-
ing the nanopowder comprises suspending the nanopowder
in an 1nitial volumetric ratio of between about 20 percent and
about 40 percent powder by volume.

14. The method of claim 11 wherein the step of suspend-
Ing comprises subjecting to ultrasonic energy the nanopo-
wder 1n the solvent.

15. The method of claim 11 wherein the step of suspend-
ing further comprises adding a surfactant.

16. The method of claim 11 wherein the step of curing the
composite mixture layer results 1n the dielectric film having
between about 30 percent and about 60 percent nanopowder
by volume.

17. The method of claim 11 wherein the step of forming
the composite mixture into a layer comprises impregnating
a fiberglass sheet with the composite mixture.

18. The method of claim 11 wherein the step of forming
the composite mixture 1mnto a layer comprises selecting a
process from the group consisting of extruding, spraying,
rolling, dipping, and casting the composite mixture.

19. The method of claim 11 further comprising the step of
forming a capacitor comprising by disposing the dielectric
film between conductive layers.

20. The method of claim 19 wherein the step of disposing
the dielectric film between conductive layers comprises
laminating conductive foil on surfaces of the dielectric film.

21. The method of claim 19 wherein the step of disposing
the dielectric film between conductive layers comprises
extruding the composite mixture onto conductive foil prior
o curing.

22. The method of claim 19 wherein the step of disposing
the dielectric film between conductive layers comprises
metallizing surfaces of the dielectric film.

23. The method of claim 22 wherein the step of metal-
lizing comprises at least one process selected from the group
consisting of evaporating, sputtering, and chemical vapor
depositing of a conductive material.

24. The method of claim 11 wherein the step of using a
chemical precipitation process comprises using a low tem-
perature chemical precipitation process.

25. The method of claim 15 wherein the step of adding a
surfactant comprises adding a non-ionic phosphate ester.

26. The method of claim 11 wherein the step of providing
a bonding agent comprises providing a polymer resin.

27. The method of claim 26 wherein the step of providing
a polymer resin comprises providing a polymer epoxy.

28. The method of claim 11 wherein said resulting dielec-
tric material has a planar capacitance of at least 100,000
picofarads per square inch.
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